Caspase-9
Caspase-2 Caspase-3 Caspases (cysteine-dependent aspartate-specific proteases) use a Cys side chain to cleave Asp-containing polypeptide substrates (Alnemri et al., 1996; Fuentes-Prior and Salvesen, 2004) . They perform selective, limited cleavage of key cellular signaling components. Caspases play important roles in metazoan embryogenesis and homeostasis, regulating diverse biological processes such as programmed cell death, inflammation, cell differentiation, proliferation, and motility (Li and Yuan, 2008) . The first member of the class (caspase-1) was identified as a protease that converts prointerleukin-1β (IL-1β) into a mature cytokine. It was later shown to activate apoptosis and possess structural and functional similarity to the essential C. elegans programmed cell death gene ced-3. Mouse caspase-8 is syntenic to human caspase-8 and -10; mouse caspase-11 is syntenic to human caspase-4 and -5. Caspase-12 is perplexing because it is expressed as a truncated protein lacking the catalytic domain or an inactive mutant in various mammals, including most human racial groups. C. elegans and Drosophila possess fewer caspase genes than do zebrafish or mammals; however, more primitive metazoans (e.g., sea anenomies) and vertebrates have similar caspase diversity, indicating early evolution of this gene family.
Function
Mammalian caspases fall into three major categories based on structural and functional considerations. However, some of the proapoptotic caspases also have nonapoptotic roles in processes such as lymphocyte proliferation, cell motility, and tissue invasion (Kuranaga and Miura, 2007) . Proapoptotic Caspases. Proapoptotic caspases operate in cascade fashion to cleave a number of cellular proteins, ultimately leading to the cell's apoptotic demise. They are subclassified into initiators and effectors. The initiators can be further divided based on their participation in the cell-intrinsic (caspase-9) or cell-extrinsic (caspase-8 and -10) apoptotic pathways. The effectors cleave hundreds of cellular proteins. Which of these are essential for apoptosis and which are "innocent bystanders" is still hotly debated. Proinflammatory Caspases. Proinflammatory caspases mediate the maturation of specific cytokines during activation of the innate immune response but also may participate in a form of cell death known as pyroptosis. Keratinocyte Differentiation. Caspase-14 is involved in keratinocyte differentiation without playing a significant role in inflammation or apoptosis.
Structure, Activation Mechanisms, and Platforms Whereas initiator caspases activate effectors by proteolytic processing, nonproteolytic signals stimulate the initiators themselves. Initially it was thought that all caspases are activated by proteolysis (and this still appears in some reviews and text books). However, it has become clear that this mechanism pertains principally to the effectors, caspase-3, -6, and -7. Structural studies suggest that all caspases share the same fundamental catalytic fold. The active form is an obligate dimer, but the latent (zymogen) form of initiators is monomeric, whereas that of effectors is dimeric. During activation and/or maturation, the catalytic region is cleaved into a large (~20 kDa) and a small (~10 kDa) subunit; together, these form a characteristic (p20/p10) 2 holoenzyme. The large subunit contains the catalytic Cys and His dyad, and the small subunit supplies several residues that form the substrate-binding groove, including an essential Arginine. The unstructured regions linking the N-terminal recruitment domain(s) and the C-terminal catalytic portion, or the two catalytic subunits, are often the subject of (auto)proteolysis during maturation. Initiator caspases are engaged through a conserved mechanism that requires the formation of an oligomeric platform, which recruits and activates the protease by proximityinduced dimerization. This process is best understood for caspase-9 in the cell-intrinsic apoptotic pathway. Cell stressors such as DNA damage alter the intracellular balance of interactions between pro-and antiapoptotic members of the Bcl-2 protein family, driving release of mitochondrial cytochrome C into the cytosol. This promotes assembly of an oligomeric apoptosome that recruits and activates caspase-9 via the adaptor Apaf-1 and its cofactor dATP (Riedl and Salvesen, 2007) . Although structural data are sparse, an analogous platform known as the inflammasome appears to mediate the activation of proinflammatory caspases (Martinon et al., 2002) . The inflammasome is composed of cytosolic NOD-like receptors, usually bridged to the caspase by the adaptor protein ASC.
An important variation on this theme occurs in the cell-extrinsic apoptotic pathway. Here, death ligands belonging to the tumor necrosis factor (TNF) superfamily activate the apoptotic initiators caspsae-8 and -10 via an oligomerization platform called the death-inducing signaling complex (DISC) (Wilson et al., 2009) . Death ligands induce clustering of cognate death receptors such as Fas or DR5 at the cell surface. The clustered receptors assemble a DISC by recruiting caspase-8 or -10 via the adaptor FADD. Dimerization of caspase-8 or -10 within the DISC triggers activation, which is reinforced by excision of the intercatalytic domain linker (Fuentes-Prior and Salvesen, 2004) and by polyubiquitination on the p10 subunit (Jin et al., 2009) . A cytoplasmic complex, nucleated downstream of TNF receptor 1 by the Ser/Thr kinase RIP1 and FADD, also can stimulate caspase-8. Caspase-8 activates the effectors caspase-3 and -7 either directly (type I signaling) or indirectly by processing the Bcl-2 homology domain 3 protein Bid (type II signaling). cFLIP L is a caspase-8-related protein that lacks the essential catalytic residues but preserves the caspase fold. cFLIP L operates at the DISC as a dual modulator. At high concentrations, it inhibits initiator caspase activation; however, at low levels, it augments stimulation by forming heterodimers with caspase-8 or -10. cFLIP L /caspase-8 heterodimers also may support survival through inhibition of necroptotic cell death (Oberst et al., 2011 ).
Yet another oligomerization platform called the PIDDosome promotes activation of caspase-2 in response to DNA damage via the adaptors PIDD and RAIDD; however, alternative caspase-2 activation mechanisms may exist as well (Manzl et al., 2009) .
In summary, caspases are distinguished by their unique ability to cleave substrates at Aspartate residues. They play key roles in metazoan embryogenesis and homeostasis, controlling important processes such as apoptosis and inflammation. They share many structural and mechanistic features and operate in cascade mode. Initiator zymogens are monomeric: their dimerization triggers activation, which is further reinforced by proteolytic processing and higher-order oligomerization. Effector zymogens are dimeric: their cleavage by initiators triggers activation, which is further propagated by activated effectors. Many important questions about caspases remain unanswered, including how they participate in unconventional processes such as proliferation and how their activity is switched off.
